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First Paragraph  20 Cellulose is frequently found in communities of sessile bacteria, called biofilms.1 E. 21 
coli and other enterobacteriaceae modify cellulose with phosphoethanolamine 22 (pEtN) to promote host tissue adhesion.2,3 The E. coli pEtN cellulose biosynthesis 23 machinery contains the catalytic BcsA-BcsB complex synthesizing and secreting 24 cellulose, in addition to five other subunits.1 The membrane-anchored periplasmic 25 BcsG subunit catalyzes pEtN modification.3,4 Here we present the cryo electron 26 microscopy structure of the ~1 MDa E. coli Bcs supramolecular complex, consisting 27 of one BcsA enzyme associated with six copies of BcsB. BcsB homo-oligomerizes 28 primarily through interactions of its carbohydrate-binding domains as well as 29 intermolecular beta-sheet formation. The BcsB hexamer creates a half-spiral whose 30 open side accommodates two BcsG subunits directly adjacent to BcsA’s periplasmic 31 channel exit. The cytosolic BcsE and BcsQ subunits associate with BcsA’s regulatory 32 PilZ-domain. The macrocomplex is a fascinating example of cellulose synthase 33 specification.  34 
 35 
 36 
Main Text 37 Cellulose is an amphipathic linear glucose polymer produced primarily by vascular 38 plants as a cell wall component but also by several bacteria, oomycetes, and 39 tunicates.1,5,6 The polymer is deposited on the cell surface where it performs its 40 diverse biological functions.  41  42 Bacterial biofilms are 3-dimensional sessile communities consisting primarily of 43 polysaccharides and proteinaceous fibers, but also include outer membrane (OM) 44 vesicles as well as nucleic acids.7 Due to reduced susceptibility to antimicrobial 45 treatments, biofilms account for approximately 80% of nosocomial infections.8 46 Accordingly, enzymatic degradation of biofilm polysaccharides has been shown to 47 significantly increase their susceptibilities to conventional antibiotics.9  48  49 Cellulose is produced by several bacteria as a biofilm polysaccharide. Its physical 50 form ranges from ordered microfibrils resembling plant cell wall fibers to 51 
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amorphous polymers embedded in complex composite materials.7,10 Several 52 enterobacteria, including E. coli, Klebsiella pneumoniae, and Salmonella enterica, 53 modify cellulose in the periplasm with pEtN to stabilize its interaction with curli 54 fimbriae on the cell surface, which in turn facilitates host tissue adhesion.2 55  56 The essential catalytically active cellulose synthase subunit is BcsA, a membrane-57 embedded processive glycosyltransferase (GT).11 BcsA polymerizes UDP-activated 58 glucose (UDP-Glc) via an intracellular GT domain and also secretes the nascent 59 cellulose polymer through a channel formed by its own transmembrane (TM) 60 segment.12 BcsA associates with a periplasmic inner membrane-anchored protein, 61 BcsB, containing a C-terminal TM helix preceded by two copies of carbohydrate-62 binding and flavodoxin-like domains (CBD and FD, respectively).11 In addition, BcsA 63 is allosterically activated by the bacterial signaling molecule cyclic-di-GMP (cd-64 GMP). The activator binds to BcsA’s C-terminal PilZ domain tightly associated with 65 the GT domain, thereby releasing an auto-inhibited state.13   66  67 Cellulose is translocated across the OM through a pore formed by BcsC, a ~130 kDa 68 protein containing 19 predicted periplasmic tetratricopeptide repeats (TPR) as well 69 as a C-terminal 16-stranded OM porin.14,15 All cellulose biosynthesis systems 70 identified to date in Gram-negative bacteria further express a non-essential 71 periplasmic cellulase, BcsZ, of unknown biological function.1,16,17 72  73 While BcsA, BcsB and BcsC form the essential core of most Gram-negative cellulose 74 biosynthesis systems, additional accessory subunits confer distinct physical 75 properties to the cellulosic materials produced, such as the formation of cellulose 76 microfibrils or pEtN-modification. Accordingly, the E. coli (Ec) cellulose synthase 77 complex consists of 9 subunits, of which 7 are likely localized to the inner 78 membrane, Extended Data Fig. 1.1 Here, the BcsA-B complex associates with BcsE, F, 79 G, R, and Q, of which BcsF and R are small 60-70 residues long polypeptides. BcsE is 80 a cd-GMP binding protein of ~59 kDa that increases cellulose biosynthesis in vivo. 81 The protein is organized into three regions of which the N-terminal domain likely 82 
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interacts with the membrane-integrated BcsF and the remainder binds cd-GMP as 83 well as BcsQ.18 In solution, BcsQ forms a complex with BcsR at a 2:2 molecular 84 stoichiometry and localizes to the cell poles in vivo where cellulose accumulates in E. 85 
coli and S. enterica.19,20 The BcsQR complex is likely recruited to the membrane due 86 to its interactions with BcsE.18  87 BcsG is a periplasmic membrane-anchored pEtN transferase that transfers pEtN, 88 most likely from phosphatidylethanolamine, to approximately 50% of cellulose’s 89 glucosyl units, thereby generating pEtN cellulose.3,4,21 Bacterial two-hybrid assays 90 confirmed protein-protein interactions between BcsE and BcsF, BcsF and BcsG, as 91 well as BcsG and BcsA. 3, 22   92  93 The inner membrane associated Ec BcsA-B-E-F-G-R-Q cellulose synthase 94 macrocomplex has recently been characterized by negative stain electron 95 microscopy analyses. These studies revealed a megadalton size Bcs complex 96 organized into several layers.22 Starting on the periplasmic side, the complex 97 contains a crown-shaped hemi-circle formed from six BcsB copies, followed by a 98 disc-shaped platform likely representing the TM segments, as well as two cytosolic 99 layers assigned to the soluble regulatory subunits. Due to limited resolution, the 100 complex stoichiometry and the locations of BcsG, BcsQR and BcsE were not 101 determined. In particular, it also remained unresolved how many copies of BcsA are 102 part of the complex, which correlates with the number of cellulose polymers 103 formed.22 104  105 To gain mechanistic insights into pEtN cellulose biosynthesis, we determined the 106 cryo electron microscopy (cryo-EM) structure of the recombinantly expressed and 107 catalytically active Ec Bcs macrocomplex. Our structure reveals an unexpected 108 complex stoichiometry in which only one BcsA enzyme associates with a crescent-109 shaped BcsB hexamer as well as two copies of BcsG. On the cytosolic side, BcsA 110 interacts with two soluble species, representing BcsE and the BcsQR complex, via its 111 C-terminal PilZ domain. Accordingly, we observe robust stimulation of in vitro 112 cellulose biosynthesis by the BcsQR complex and only slight activation by BcsE. Our 113 
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analyses provide unique insights into the biosynthesis and secretion of biofilm 114 polysaccharides likely shared by other exopolysaccharide synthases.   115  116 
Results 117 
Isolation of a catalytically active cellulose synthase supramolecular complex 118 The catalytically active Ec Bcs complex was recombinantly expressed in E. coli C43. 119 Co-expression of all Bcs subunits, including the periplasmic BcsZ and OM BcsC 120 proteins as well as the cd-GMP-generating AdrA enzyme, resulted in significant 121 flocculation of the bacteria in liquid cultures, even in the presence of a catalytically 122 inactive BcsG, Extended Data Fig. 2a.3 This aggregation was not observed in the 123 absence of the OM BcsC subunit, likely stalling cellulose biosynthesis in the 124 periplasm. The in vivo formation of authentic pEtN cellulose was confirmed by 125 Congo-red staining of macro-colonies grown on agar plates,23 as well as solid state 126 NMR analysis of the cellulosic material isolated from liquid cultures of the 127 engineered Ec strain (Fig. 1a and Extended Data Fig. 2b and c). The 13C CPMAS solid-128 state NMR spectrum of the recombinantly expressed polymer is comparable to that 129 for natively produced pEtN cellulose.3 The amino carbon (C8) appears uniquely at 130 41 ppm and the C4 chemical shift of 83 ppm indicates it is a non-crystalline 131 cellulosic polymer. The 62-66 ppm region corresponds to that for the C6 and C7 of 132 unmodified glucose and the C6’ and C7’ carbons of the pEtN glucose units.  133  134 To analyze the contributions of the individual Bcs components to BcsA’s catalytic 135 activity, we co-expressed BcsA together with different membrane-integrated Bcs 136 subunits, prepared inverted membrane vesicles (IMVs), and quantified in vitro 137 cellulose production in a 30 min synthesis reaction upon incorporation of 3H-138 labeled glucose by scintillation counting, as described, Fig. 1b and Extended Data 139 Fig. 3a.24 140 As previously reported for components from Rhodobacter sphaeroides as well as E. 141 
coli, BcsA is catalytically inactive in the absence of BcsB, Fig. 1b.24 Co-expressing 142 BcsA and BcsG alone does not restore catalytic activity comparable to BcsA-B. 143 
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Similarly, the cellulose biosynthetic activity of the BcsA-B complex does not increase 144 in the presence of BcsG, BcsF, or BcsFG, suggesting that these are non-regulatory 145 accessory subunits.  Of note, expressing BcsA in the presence of BcsB and BcsG 146 significantly reduces its proteolysis in IMVs, perhaps reflecting increased stability of 147 the BcsABG complex, Fig. 1b. 148 To evaluate the contributions of the cytosolic soluble Bcs subunits to cellulose 149 biosynthesis, we incubated the purified BcsA-B-F-G complex with separately 150 purified BcsE (N-terminally fused to maltose binding protein, MBP), the BcsQR 151 complex, or the BcsE-Q-R trimeric complex. We observe approximately six-fold 152 increased BcsA catalytic activity in the presence of BcsQR, while addition of BcsE 153 alone accounts for only about a 3-fold increase, Fig. 1c. Addition of the BcsE, -Q, and 154 -R components, which form a stable soluble heterotrimeric complex, Extended Data 155 Fig. 3b, stimulates biosynthesis comparable to BcsQR alone, Fig. 1c.      156  157 To purify the inner membrane-associated BcsA-B-E-F-G-Q-R macrocomplex (IMC), 158 the recombinantly expressed complex was extracted from the membrane and 159 purified by two affinity chromatography steps using poly-His and Strep-tags added 160 to the C- and N-termini of BcsA and BcsB, respectively. Size exclusion 161 chromatography in the detergents lauryl- and decyl-maltose neopentyl glycol 162 supplemented with cholesterylhemisuccinate (see Methods) purified the 163 catalytically active IMC complex (Extended Data Fig. 2d and e). The presence of all 164 IMC subunits was confirmed by Western blotting and mass spectrometry 165 fingerprinting, Extended Data Fig. 2f and Extended Data Table 1. BcsF-derived 166 peptides were not detected by mass spectrometry, yet its co-purification with the 167 IMC was confirmed by Western blotting after inserting a C-terminal Myc-tag, 168 Extended Data Fig. 2g.  169  170 The purified and detergent-solubilized IMC synthesizes a water-insoluble polymer 171 
in vitro that is degraded by a β-1,4-specific glucanase, Extended Data Fig. 2e, 172 demonstrating cellulose formation in the absence of a pEtN donor, as previously 173 
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described.24 The IMC is strongly activated by cd-GMP, leading to 5-fold stimulation 174 of in vitro catalytic activity under saturating conditions, Extended Data Fig. 2h. 175 Under these conditions, likely BcsA and BcsE interact with the activator. The 176 complex binds cd-GMP and UDP-Glc with apparent affinities of ~2 and ~430 µM, 177 respectively, in good agreement with similar studies on Rhodobacter sphaeroides 178 BcsA (Rs BcsA), Extended Data Fig. 2h and i.24   179  180 
Architecture of the IMC 181 The purified IMC used for in vitro activity assays was also used for structural 182 analyses by single particle cryo-EM. Cryo as well as negative stain EM imaging 183 readily reproduced particle shapes consistent with previous analyses of 184 glutaraldehyde cross-linked IMC complexes.22 However, our cryo-EM analyses 185 provide unique insights into the detailed organization of the Bcs complex. The 186 overall IMC structure has a resolution of approximately 7 Å. Local refinement of the 187 extracellular crown resolved the BcsB hexamer at about 3.4 Å resolution, Fig. 2 and 188 Extended Data Fig. 4. 189  190 Viewed from within the membrane plane, the IMC forms a triangular structure with 191 a large periplasmic region approximately 172 Å wide, followed by a disc-shaped 192 micelle-embedded region about 163 Å in diameter, and three cytosolic regions 193 about 73, 59, and 66 Å long, Fig. 2c.  The periplasmic region is a crescent-shaped 194 array of six ring-like volumes representing BcsB, whereas the intracellular regions 195 represent the cytosolic region of BcsA as well as two associated species, identified as 196 BcsE and BcsQ-R (discussed below). The entire IMC spans ~210 Å along the 197 membrane normal and its cytosolic domains protrude from the membrane into the 198 cytosol by about 76 Å. 199  200 
BcsB forms a crescent-shaped scaffold 201 Subtraction of the micelle-embedded and cytosolic particle components, followed by 202 3D classification and non-uniform and local refinement of the periplasmic domain 203 
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(see Methods) generated a high quality density map of the BcsB hexamer enabling 204 de-novo model building, Extended Data Fig. 4 and 6 and Table 2.  205 Similar to the R. sphaeroides homolog,11 Ec BcsB consists of four distinguishable 206 domains that are arranged in a triangular shape, Fig. 3a and Extended Data Fig. 7. 207 The structural repeat unit is formed by a carbohydrate-binding domain (CBD) 208 connected to an α/β-domain previously referred to as flavodoxin-like domain (FD). 209 The CBD-1 – FD-1 pair is repeated and rotated by 180 degrees (CBD-2 – FD-2), such 210 that the FD and CBD regions interact with their counterparts. The CBDs contact and 211 are linked to each other via extended loops harboring a conserved disulfide bridge 212 between Cys182 and Cys500.  213 BcsB’s C-terminal TM helix following FD-2 is not resolved in this density map due to 214 signal subtraction but is described below in the context of BcsA, Extended Data Fig. 215 4. 216   217 As a hexamer, the BcsB subunits interact via the faces of their FD and CBD regions, 218 Fig. 3b and d. The protomers, arranged in a hemi-circle and labeled A-F in a 219 clockwise fashion when viewed from the periplasm, point their disulfide bond-220 stabilized CBD loops toward the center. The FD and TM-anchor regions are located 221 at the hexamer’s periphery. Each subunit is rotated by approx. 40 degrees around 222 the central pseudo-symmetry axis. Further, when viewed along the membrane 223 plane, each BcsB subunit rotates by ~10 degrees away from the membrane surface 224 around a hinge located near its TM-anchor. Thereby, BcsB domains near the center 225 of the hemi-circle exhibit the greatest, while those near its periphery the least 226 displacement from the membrane, Fig. 3c. The resulting half-spiral is 195 Å wide 227 and 60 Å tall. With the exception of chain F, all subunits lack a short loop (residues 228 447 to 465) located on the membrane proximal side of the hexamer where 229 interactions with lipid head-groups are possible.  230    231 
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Complex formation buries large, otherwise solvent exposed surfaces between the 232 protomers. Chain B shares 7,418 and 7,613 Å2 surface area with chains A and C, 233 respectively.  234 The interface between BcsB subunits is stabilized by an ‘Oligomerization Loop (OL)’ 235 (residues 617-659). This region belongs to FD-2 and is helical in chain A of the Ec 236 BcsB hexamer, Fig. 3d and Extended Data Fig. 7 and 8 Yet, sandwiched between 237 BcsB subunits, the OL forms a 3-stranded β-sheet that interacts with residues 345-238 352 of the counterclockwise neighboring subunit, resulting in a 4-stranded anti-239 parallel β-sheet at the interface, Fig. 3d.  240  Additionally, the loop connecting OL’s β-strands 2 and 3 of each BcsB protomer 241 occupies a large pocket created at the interface with the preceding subunit. In this 242 pocket, the side chain of the loop’s Arg633 contacts the backbone carbonyl oxygens 243 of Pro361 and Trp363 of the neighboring subunit. Similarly, the carboxyl groups of 244 the loop’s Asp643 and Asp646 interact with Arg365 and Arg368 in the other 245 subunit, Fig. 3d and Extended Data Fig. 8. 246 The OL region is either observed or predicted to be helical in the heterodimeric 247 BcsA-B complexes of R. sphaeroides and Komagataeibacter xylinus (Kx), respectively, 248 both sharing about 16% sequence identity with Ec BcsB, Extended Data Fig. 8.11,25 In 249 the homo-oligomerizing Ec BcsB, however, the OL evolved structural plasticity to 250 adjust to the different environments within the oligomer. 251  252 At the center of the half-circle, the disulfide-tethered CBD loops stack on top of each 253 other to form a deep groove, with the chain A and F loops being closest to and 254 farthest away from the membrane interface, respectively, Fig. 3b and 4. This 255 peculiar loop stacking is primarily stabilized by backbone interactions in which the 256 peptide-linkage of Cys500 in one chain forms β-sheet interactions with the 257 backbone of Gly495 in the following subunit. Due to the rotation and tilt of the 258 hexamer’s subunits, the disulfide loop of chain F is translated by approximately 40 Å 259 farther away from the membrane compared to chain A. The disulfide-loops create a 260 
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deep electronegative canyon at the pseudo symmetry axis with the stacked disulfide 261 bridges lining its base, Fig. 4.    262  263 
The Bcs complex contains a single BcsA subunit 264 Our initial cryo-EM map identified several cytosolic and TM components associated 265 with the BcsB hexamer, Fig. 2c Refinement of the IMC with a focus on the TM and 266 cytosolic regions indicated the presence of TM proteins only underneath and in 267 front of the first BcsB subunit, Extended Data Fig. 5. The remainder of the micelle-268 surrounded volume is essentially featureless, as expected for detergent molecules 269 and disordered BcsB TM-anchors, Fig. 5.  270 Local refinement of a sub-volume comprising the first two BcsB subunits together 271 with the corresponding TM and cytosolic volume significantly improved the map 272 quality, allowing the rigid body docking of a poly-Ala BcsA backbone model (see 273 Methods), Extended Data Fig. 5 and 9. While BcsA’s TM helices could be individually 274 positioned, some even revealing the locations of large side chains guiding register 275 assignments, the cytosolic GT and PilZ domains were poorly resolved with the 276 exception of several interface helices near the GT/membrane boundary. Yet, 277 because the TM helices tightly interact with the cytosolic domains,11 positioning the 278 TM segments also places the GT and PilZ sub-domains into their corresponding 279 volumes, Fig. 5a and Extended Data Fig. 9.    280  281 
R. sphaeroides and Ec BcsA share a conserved core architecture including the Ec 282 BcsA region from TM helix 2 to the C-terminal amphipathic helix following its PilZ 283 domain. The Ec enzyme, however, contains 133 extra N-terminal residues as well as 284 an additional C-terminal helix, Fig. 5a and Extended Data Fig. 10. The N-terminal 285 region is predicted to form a TM helix between residues 28 to 50, thereby placing 286 the N-terminus in the periplasm. The occurrence of this extension correlates with 287 the presence of the bcsG gene in the operon, thus likely the formation of pEtN 288 cellulose. 289  290 



 11

Only the first BcsB subunit interacts with BcsA. It’s C-terminal TM-anchor packs into 291 a groove formed by BcsA’s TM helices 2 and 3, as also observed in Rs BcsA, Fig. 5b 292 and Extended Data Fig.  9.11 The TM-anchor is preceded by a short amphipathic helix 293 that forms the hinge around which BcsB protomers rotate in the above-described 294 hexameric arrangement, Fig. 5b. The overall Ec BcsA-B complex organization is 295 similar to crystal structures of the hetero-dimeric Rs BcsA-B complex, Extended 296 Data Fig. 10. Of note, also Ec BcsB’s CBD-2 sits on top of BcsA’s TM channel, thereby 297 likely bending the secreted cellulose chain away from the BcsB hexamer (see 298 Discussion), Fig. 5a and Extended Data Fig. 10b.11    299  300 Strong helical density ‘in front’ of BcsA indicated the location of its N-terminal TM 301 helix. Although the connection with TM2 is only partially resolved in our EM map, its 302 position at the interface and previously determined interaction with BcsG 303 (discussed below) support its assignment as TM1, Extended Data Fig. 9. 304 The N-terminal TM helix of Ec BcsA is tilted by about 45 degrees relative to the 305 membrane plane and interacts with TM3 as well as BcsB’s TM-anchor, Fig. 5a. Its C-306 terminal end is in proximity to a long amphipathic interface helix following BcsA’s 307 PilZ domain at the cytosolic water-lipid interface. TM1 is connected to TM2 via an 308 unresolved region followed by an amphipathic helix directly preceding TM2, in 309 agreement with secondary structure predictions, Fig. 5a and Extended Data Fig. 1. 310  311 The C-terminal region of Ec BcsA following the PilZ domain, residues ~805-871, 312 forms a helical pair at the water-lipid interface, Fig. 5a. One helix directly follows the 313 PilZ β-barrel, as also observed in Rs BcsA, the other sits on top of the preceding helix 314 running in the opposite direction. The helices are profoundly amphipathic, including 315 a cluster of Arg residues (Arg853, 854 and 857) as well as several Trp, Val, Leu and 316 Phe residues. Viewed from the periplasm, the two helices are arranged in a ‘V’ 317 straddling the C-terminal end of BcsA’s TM1, Extended Data Fig. 9 and 10a.  318  319 
The Bcs complex contains two copies of BcsG 320 
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BcsG is a membrane-bound pEtN transferase containing five predicted N-terminal 321 TM helices connected by short cytosolic loops as well as a periplasmic catalytic 322 domain, Extended Data Fig. 1. The local refinement of a sub-volume comprising the 323 micelle-embedded and cytosolic BcsA and BcsE volumes resolved a cluster of at 324 least twelve TM helices directly in front of BcsA, Fig. 5c and Extended Data Fig. 5. 325 One of the helices interacts with BcsA’s TM1 and perhaps also with its extreme C-326 terminus. Further, at least 4 cytosolic interface helices are resolved in close 327 proximity to the first ten TM helices. Strikingly, the helices can be grouped into two 328 almost identical sets, each containing five TM and two interface helices, Fig. 5c and 329 d. The remaining two TM helices farthest away from BcsA are less well resolved, yet 330 could represent BcsF’s TM segments (see below).  331  332 Next to BcsA, BcsG is the only other Bcs component containing multiple (i.e. 5) TM 333 segments. We therefore assign the pair of five TM helices to two copies of BcsG. This 334 assignment is supported by recent structures of the lipopolysaccharide receptor 335 PbgA and the lipid-A pEtN transferase EptA that are distant homologs of BcsG.26-28 336 The cytosolic interface helices may belong to BcsF, together with the two remaining 337 poorly resolved TM segments. BcsF is 63 residues long and predicted to contain an 338 N-terminal TM helix followed by a helical cytosolic region, Extended Data Fig. 1. In 339 this position, BcsF is ideally positioned to interact with BcsG and BcsE, as 340 experimentally confirmed. 3, 22  341 Although present in the purified Bcs complex, Extended Data Fig. 2f, BcsG’s 342 periplasmic catalytic domain is not resolved in our cryo-EM maps. It is connected to 343 the last TM helix via a ~40 residue long linker likely conferring significant flexibility. 344 However, at low contour levels, we observe weak additional density right above the 345 BcsG-assigned TM segments. The density sits in between the first and the last 346 subunit of the BcsB hexamer and is sufficiently large to accommodate two copies of 347 the crystal structure of Ec BcsG’s periplasmic domain, Fig. 5e and Extended Data Fig. 348 11.4 349  350 
BcsQ and BcsE interact with BcsA’s PilZ domain 351 
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The Bcs complex contains the cytosolic subunits BcsE, Q and R. BcsE is a ~59 kDa 352 protein with a recently determined crystal structure of its central and C-terminal 353 domains.18 BcsE significantly increases in vivo pEtN cellulose production in S. 354 
enterica and E. coli.3, 19 It has been proposed to be part of a novel regulatory 355 pathway involving BcsE, F and G for pEtN cellulose biosynthesis. BcsQ, a ~26 kDa 356 protein, is not essential for cellulose biosynthesis in vitro,24 yet it likely targets the 357 Bcs complex to the cell poles for localized cellulose secretion.20 It is a homolog of 358 MinD, a bacterial cell division protein that dimerizes and associates with the cell 359 membrane in an ATP-dependent manner.29,30 Recent studies on isolated BcsQ 360 demonstrated that it requires BcsR for structural stability in solution.18 In vitro, the 361 BcsQR complex is targeted to the membrane by BcsE, which interacts with BcsF.18   362   363 Our cryo-EM map of the entire Bcs complex reveals two additional densities 364 associated with BcsA’s PilZ domain, Fig. 2 and 6a. The larger density has no 365 apparent association with the TM region and points away from the periplasmic BcsB 366 hexamer, roughly underneath the BcsG dimer. The second bilobed density extends 367 from BcsA’s PilZ domain to the BcsG-associated interface helices, tentatively 368 assigned to BcsF. These cytosolic components are weakly associated with the Bcs 369 core complex as they were absent in a significant number of particles. Shape 370 reconstructions of these smaller complexes resulted in volumes revealing only BcsA 371 domains on the cytosolic membrane side, Extended Data Fig. 12a and b. Considering 372 the size and shape of the densities as well as previously reported interactions of 373 BcsQ and BcsR as well as BcsE and BcsF, 3, 22,18 we assign the large density adjacent 374 to BcsA’s PilZ domain to a BcsQ2R2 tetrameric complex and the bilobed micelle-375 associated density to a monomer of BcsE, Fig. 6. BcsE interacts with membrane-376 integrated BcsF most likely via its N-terminal region and with the BcsQR complex 377 via its C-terminal cd-GMP-binding domain.18 The proposed location of BcsE within 378 the Bcs complex is consistent with these interactions. Further, the crystal structures 379 of dimeric MinD (homologous to BcsQ) and BcsE fit the assigned densities well, 380 Extended Data Fig. 12c and d.3,29,18 381 
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To confirm that the bilobed density indeed represents BcsE, we replaced wild type 382 BcsE with a construct N-terminally fused to MBP. The fusion protein forms a stable 383 complex with isolated BcsQR in solution, Extended Data Fig. 3b, and co-purifies with 384 the Bcs components, suggesting that MBP does not abolish BcsE’s interactions with 385 other Bcs subunits. Although MBP is flexibly linked to BcsE and thus not completely 386 resolved, the MBP-containing cryo EM map only reveals mass differences near the 387 contact site with the membrane. At this position, BcsE’s N-terminal domain likely 388 interacts with BcsF, Extended Data Fig. 4 and 12d-f. 389  390 
Discussion 391 Cellulose synthases are evolutionarily conserved enzymes that polymerize glucose 392 molecules into linear polysaccharides. Cellulose is an incredibly versatile structural 393 element with native biological applications as a cell wall structure in plants5 and 394 contributing to adhesion and protective community architectures in bacterial 395 biofilms.10,2 Reflecting this functional diversity, cellulose biosynthesis systems 396 exhibit great variability in terms of complex organization,31 activation in response to 397 different stimuli,32 as well as chemical modification.33,23 398  399 Work on Rs BcsA revealed that it forms a structural and functional entity with the 400 BcsB subunit.24 Therefore, previous low-resolution analyses of the Ec Bcs 401 macrocomplex revealing six BcsB copies suggested the presence of six BcsA-B sub-402 complexes, with a corresponding maximum number of cellulose polymers 403 synthesized.22 In contrast, our cryo-EM analysis reveals an unexpected organization 404 in which one BcsA protein associates with six BcsB copies that self-organize into a 405 crescent-shaped crown. Therefore, a Bcs complex only synthesizes a single cellulose 406 polymer at a time, which, in turn, likely only requires a single BcsC subunit enabling 407 passage across the OM, Fig. 6b.15 408  409 Solid state NMR analysis of pEtN cellulose revealed the modification of about 50% of 410 the polymer’s glucosyl units with pEtN at the C6 hydroxyl groups.3 Our cryo-EM 411 analyses strongly suggest that the Bcs complex contains two BcsG copies. Recent 412 
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biochemical analyses of BcsG’s periplasmic catalytic domain indicate that the 413 protein functions as a monomer.4,21 Because neighboring glucosyl units are rotated 414 by about 180 degrees in the cellulose polymer, two BcsG copies may be necessary to 415 modify its C6 hydroxyl groups located on opposite sides of the polymer. 416  417 In Rs BcsA-B, the bound nascent cellulose polymer kinks sharply at BcsA’s 418 periplasmic channel exit at the interface with BcsB.11 This kink is induced by BcsB’s 419 CBD-2, which sits right on top of the channel exit.  In the Ec Bcs complex, the first 420 BcsB copy occupies a similar location, right above the BcsA channel exit, Fig. 5a and 421 b and Extended Data Fig. 10b. Therefore, although not resolved in our EM map (but 422 probably present), the cellulose polymer secreted by the Ec complex likely also 423 bends away from the BcsA-B interface towards BcsG, thereby facilitating pEtN 424 modification, Fig. 6b.  425  426 The exact functions of BcsF and BcsR are currently unknown. Zouhir et al recently 427 demonstrated that BcsR is necessary for proper folding of BcsQ and forms a soluble 428 complex with this subunit at a 2:2 molar stoichiometry.18 The size of the BcsA-429 associated density observed in our EM map suggests that a BcsQ2R2 complex also 430 interacts with BcsA.  431 Zouhir et al further showed that BcsE interacts with the BcsQ2R2 complex, likely also 432 as a dimeric species. Dimerization of BcsE is further corroborated by the crystal 433 structure of its core and C-terminal domains. Here, two BcsE protomers associate 434 via their cd-GMP-binding C-terminal domains, stabilized by a bridging single cd-435 GMP molecule.18 Our map is consistent with the presence of a single BcsE species, 436 yet the proposed position of its C-terminal domain near the BcsQR complex would 437 enable interactions with a second copy, perhaps stabilized by elevated cd-GMP 438 concentrations. Accordingly, Krasteva et al observe a larger cytosolic volume 439 associated with the glutaraldehyde cross-linked Bcs complex, compared to our cryo 440 EM structure.22 It is possible that, without cross-linking, the second BcsE copy 441 dissociates during purification due to cd-GMP depletion. 442  443 
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The assigned positions of BcsE and BcsQR in the Bcs complex are further supported 444 by bacterial two-hybrid analyses with BcsA’s PilZ domain, demonstrating direct 445 interactions.22 The same study also suggested an interaction of BcsA and BcsG via 446 BcsA’s N-terminal domain, again in agreement with our assignment.  447  448 
In vivo pEtN cellulose production significantly decreases in the absence of BcsE, 449 while removal of BcsQ has a less dramatic effect.3 In vitro, however, we observe a 450 robust increase of BcsA’s catalytic activity induced by BcsQR and only minor activity 451 increases in the presence of BcsE, Fig. 1c. The molecular details of this apparent 452 discrepancy are currently unknown. It is possible that the cytosolic Bcs subunits are 453 important for proper assembly and positioning of the entire Bcs complex in vivo or 454 interactions with additional factors, not captured in vitro.   455  456 The self-assembly of BcsB into a crown-shaped hexamer with only one BcsA subunit 457 was unexpected and currently lacks structural homologs. Similar high molecular 458 weight structures have not been observed for Rs or Kx BcsA-B, 11,25 most likely due 459 to structural differences of BcsB, Extended Data Fig. 8. The function of this large 460 periplasmic scaffold is unknown, although it may restrict cellulose flexibility by 461 creating a confined reaction chamber for pEtN modification. BcsB self-association is 462 likely terminated by BcsG, which occupies the space between the first and last BcsB 463 subunits, Fig. 5e. 464  465 The BcsB hexamer creates an electronegative groove near its pseudo symmetry axis 466 that could facilitate pEtN cellulose migration towards the OM. Similar scaffolds may 467 be formed by periplasmic or membrane-bound subunits of related 468 exopolysaccharide biosynthesis systems, including alginate, acetylated cellulose, 469 and poly N-acetylglucosamine synthases.34,35 470  471 Cellulose is translocated across the OM through BcsC, a 16-stranded porin 472 containing a large periplasmic domain.15 It is currently unclear how BcsC interacts 473 with the inner membrane complex. However, considering cellulose’s flexibility and 474 
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tendency to self-aggregate, a direct BcsB-BcsC interaction shielding the polymer 475 seems necessary. The length of BcsC’s periplasmic N-terminal domain and the 476 architecture of the IMC make a direct BcsC-BcsB interaction likely, Fig. 6b.14 477  478 479 



 18

Main References 480 1 Romling, U. & Galperin, M. Y. Bacterial cellulose biosynthesis: diversity of 481 operons, subunits, products, and functions. Trends Microbiol 23, 545-557, 482 (2015). 483 2 Hollenbeck, E. C. et al. Phosphoethanolamine cellulose enhances curli-484 mediated adhesion of uropathogenic Escherichia coli to bladder epithelial 485 cells. Proc Natl Acad Sci U S A 115, 10106-10111, (2018). 486 3 Thongsomboon, W. et al. Phosphoethanolamine cellulose: A naturally 487 produced chemically modified cellulose. Science 359, 334-338, (2018). 488 4 Anderson, A. C., Burnett, A. J. N., Hiscock, L., Maly, K. E. & Weadge, J. T. The 489 Escherichia coli cellulose synthase subunit G (BcsG) is a Zn(2+)-dependent 490 phosphoethanolamine transferase. J Biol Chem 295, 6225-6235, (2020). 491 5 Keegstra, K. Plant cell walls. Plant Physiol 154, 483-486, (2010). 492 6 Melida, H., Sandoval-Sierra, J. V., Dieguez-Uribeondo, J. & Bulone, V. Analyses 493 of extracellular carbohydrates in oomycetes unveil the existence of three 494 different cell wall types. Eukaryot Cell 12, 194-203, (2013). 495 7 McCrate, O. A., Zhou, X., Reichhardt, C. & Cegelski, L. Sum of the Parts: 496 Composition and Architecture of the Bacterial Extracellular Matrix. J. Mol. 497 
Biol., (2013). 498 8 Stewart, P. & Costerton, J. Antibiotic resistance of bacteria in biofilms. Lancet 499 
358, 135-138, (2001). 500 9 Snarr, B. D. et al. Microbial glycoside hydrolases as antibiofilm agents with 501 cross-kingdom activity. Proc Natl Acad Sci U S A 114, 7124-7129, (2017). 502 10 Iguchi, M., Yamanaka, S. & Budhiono, A. Bacterial cellulose; a masterpiece of 503 nature's arts. J Mater Sci 35, 261-270, (2000). 504 11 Morgan, J., Strumillo, J. & Zimmer, J. Crystallographic snapshot of cellulose 505 synthesis and membrane translocation. Nature 493, 181-186, (2013). 506 12 McNamara, J. T., Morgan, J. L. W. & Zimmer, J. A molecular description of 507 cellulose biosynthesis. Annu Rev Biochem 84, 17.11-17.27, (2015). 508 13 Morgan, J. L. W., McNamara, J. T. & Zimmer, J. Mechanism of activation of 509 bacterial cellulose synthase by cyclic di-GMP. Nature Struct Mol Biol 21, 489-510 496, (2014). 511 14 Nojima, S. et al. Crystal structure of the flexible tandem repeat domain of 512 bacterial cellulose synthesis subunit C. Sci Rep 7, 13018, (2017). 513 15 Acheson, J. F., Derewenda, Z. S. & Zimmer, J. Architecture of the Cellulose 514 Synthase Outer Membrane Channel and Its Association with the Periplasmic 515 TPR Domain. Structure 27, 1855-1861 e1853, (2019). 516 16 Mazur, O. & Zimmer, J. Apo- and Cellopentaose-bound Structures of the 517 Bacterial Cellulose Synthase Subunit BcsZ. J Biol Chem 286, 17601-17606, 518 (2011). 519 17 Yasutake, Y. et al. Structural characterization of the Acetobacter xylinum 520 endo-beta-1,4-glucanase CMCax required for cellulose biosynthesis. Proteins 521 
64, 1069-1077, (2006). 522 18 Zouhir, S., Abidi, W., Caleechurn, M. & Krasteva, P. V. Structure and 523 Multitasking of the c-di-GMP-Sensing Cellulose Secretion Regulator BcsE. 524 
mBio 11, (2020). 525 



 19

19 Fang, X. et al. GIL, a new c-di-GMP-binding protein domain involved in 526 regulation of cellulose synthesis in enterobacteria. Mol Microbiol 93, 439-527 452, (2014). 528 20 Le Quéré, B. & Ghigo, J.-M. BcsQ is an essential component of the Escherichia 529 coli cellulose biosynthesis apparatus that localizes at the bacterial cell pole. 530 
Mol Microbiol 72, 724-740, (2009). 531 21 Sun, L. et al. Structural and Functional Characterization of the BcsG Subunit 532 of the Cellulose Synthase in Salmonella typhimurium. J Mol Biol 430, 3170-533 3189, (2018). 534 22 Krasteva, P. V. et al. Insights into the structure and assembly of a bacterial 535 cellulose secretion system. Nat Commun 8, 2065, (2017). 536 23 Thongsomboon, W., Werby, S. H. & Cegelski, L. Evaluation of 537 Phosphoethanolamine Cellulose Production among Bacterial Communities 538 Using Congo Red Fluorescence. J Bacteriol 202, (2020). 539 24 Omadjela, O. et al. BcsA and BcsB form the catalytically active core of 540 bacterial cellulose synthase sufficient for in vitro cellulose synthesis. Proc 541 
Natl Acad Sci U S A 110, 17856-17861, (2013). 542 25 Du, J., Vepachedu, V., Cho, S. H., Kumar, M. & Nixon, B. T. Structure of the 543 Cellulose Synthase Complex of Gluconacetobacter hansenii at 23.4 A 544 Resolution. PloS one 11, e0155886, (2016). 545 26 Clairfeuille, T. et al. Structure of the essential inner membrane 546 lipopolysaccharide-PbgA complex. Nature 584, 479-483, (2020). 547 27 Fan, J., Petersen, E. M., Hinds, T. R., Zheng, N. & Miller, S. I. Structure of an 548 Inner Membrane Protein Required for PhoPQ-Regulated Increases in Outer 549 Membrane Cardiolipin. mBio 11, (2020). 550 28 Anandan, A. et al. Structure of a lipid A phosphoethanolamine transferase 551 suggests how conformational changes govern substrate binding. Proc Natl 552 
Acad Sci U SA 114, 2218-2223, (2017). 553 29 Ghosal, D., Trambaiolo, D., Amos, L. A. & Lowe, J. MinCD cell division proteins 554 form alternating copolymeric cytomotive filaments. Nat Commun 5, 5341, 555 (2014). 556 30 Lackner, L. L., Raskin, D. M. & de Boer, P. A. ATP-dependent interactions 557 between Escherichia coli Min proteins and the phospholipid membrane in 558 
vitro. J Bacteriol 185, 735-749, (2003). 559 31 Nixon, B. T. et al. Comparative Structural and Computational Analysis 560 Supports Eighteen Cellulose Synthases in the Plant Cellulose Synthesis 561 Complex. Sci Rep 6, 28696, (2016). 562 32 Ross, P. et al. Regulation of cellulose synthesis in Acetobacter xylinum by 563 cyclic diguanylic acid. Nature 325, 279-281, (1987). 564 33 Spiers, A. J., Bohannon, J., Gehrig, S. M. & Rainey, P. B. Biofilm formation at the 565 air-liquid interface by the Pseudomonas fluorescens SBW25 wrinkly 566 spreader requires an acetylated form of cellulose. Mol Microbiol 50, 15-27, 567 (2003). 568 34 Marmont, L. S. et al. Oligomeric lipoprotein PelC guides Pel polysaccharide 569 export across the outer membrane of Pseudomonas aeruginosa. Proc Natl 570 
Acad Sci U SA 114, 2892-2897, (2017). 571 



 20

35 Low, K. E. & Howell, P. L. Gram-negative synthase-dependent 572 exopolysaccharide biosynthetic machines. Curr Opin Struct Biol 53, 32-44, 573 (2018). 574 36 Schroedinger, LLC,  The PYMOL Molecular Graphics System, Version 2.0 575 37 Pettersen, E. F. et al. UCSF Chimera--a visualization system for exploratory 576 research and analysis. J Comput Chem 25, 1605-1612, (2004). 577  578   579 



 21

Figures and Figure Legends 580 
 581 

 582 
Figure 1| Functional characterization of the E. coli Bcs complex. (a) Solid state 583 NMR analysis and one representation of pEtN cellulose produced in vivo by the 584 recombinantly expressed Bcs complex.  (b) Catalytic activity of BcsA co-expressed 585 with the indicated subunits. Experiments were performed in IMVs and quantify the 586 incorporation if 3H-labeled glucose into cellulose. CelTR cellulase; (#) denotes 587 cellulase digestion after synthesis and vesicle solubilization at pH 4.5. Inset: 588 Western blot detecting His-tagged BcsA. (*) indicates BcsA proteolytic fragments. 589 AG sample: Here, BcsG carried an N-terminal His-tag for co-expression with BcsA 590 and partially overlaps with the BcsA band. DPM: disintegrations per minute. (c) 591 Activity of the purified BcsABFG complex in the presence of the indicated cytosolic 592 soluble components. Inset: Coomassie-stained SDS-PAGE of the purified 593 components; 1: MBP-BcsE, 2: BcsQR, 3: MBP-BcsEQR.  594  595 
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 596 
Figure 2| Structure of the Bcs complex. (a) Examples of 2D class averages of the 597 Bcs complex. Each class contains between 8,000 and 20,000 particles (from 598 cryoSPARC). (b) Coomassie-stained SDS-PAGE of the purified Bcs complex. (c) 599 Overall structure of the Bcs complex. The periplasmic ring-shaped densities 600 representing BcsB are colored individually, the micelle density is colored grey, and 601 cytosolic domains are colored blue, orange and magenta. The map is Gaussian 602 filtered at a width of 1.2 and contoured at 2.6σ . 603     604 
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Figure 3| BcsB forms a crescent-shaped periplasmic scaffold. (a) Domain 611 organization of Ec BcsB. The individual domains are colored and labeled: FD/CBD; 612 flavodoxin-like and carbohydrate-binding domains; OL: oligomerization loop. The 613 location of the C-terminal TM anchor is indicated as a cartoon. (b) Six BcsB subunits 614 assemble into a hemi-circle with a deep groove at its center containing a ladder of 615 stacked disulfide bridges. (c) Superimposition of the first and last BcsB subunit of 616 the hemi-circle. The rotation axis is indicated by a black circle. Right panel: Vectors 617 indicating the distance between V181 and Q577 in each subunit reveal the 618 increasing tilt of subunits within the hemi-circle. (d) Intermolecular interactions 619 between BcsB protomers. Shown is a BcsB trimer with the flanking subunits shown 620 as surfaces, the middle copy is shown as a cartoon. Interactions are predominantly 621 between FD-2 and the OL. 622  623  624  625   626 
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 627  628 

 629  630 
Figure 4| The BcsB hexamer forms a deep groove. Top left: Stacking of the 631 disulfide bridges (shown as spheres) along the hexamer’s groove. Bottom left:  632 Surface electrostatic potential of the BcsB hexamer calculated in Pymol using the 633 APBS plugin.36 Red to blue: -5 to +5kT. Gray bars indicate the periplasmic 634 membrane interface. 635   636 
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 637  638 
Figure 5| The Bcs complex contains one BcsA and two BcsG subunits. (a) Local 639 refinement and poly-alanine model of Ec BcsA. Left: Locally refined map contoured 640 at 6σ. Right: Backbone model of Ec BcsA together with the high-resolution structure 641 of BcsB (colored green). BcsA is shown with cylindrical helices colored pale and 642 dark blue as well as red for its C-terminal extension. (b) BcsA associates with the 643 first BcsB subunit. Horizontal lines indicate membrane boundaries as indicated by 644 the micelle shape. The nascent cellulose polymer present in pdb 4P00 is indicated 645 by a dashed cyan line. (c) A cluster of TM helices adjacent to BcsA suggests the 646 presence of two BcsG subunits. IF: Interface helices. Likely additional poorly 647 resolved TM helices are indicated with black arrows. Contour level: 8σ. (d) 648 Superimposition of densities assigned to helices shown in black and magenta in 649 panel (c) in Chimera.37 (e) Additional weak periplasmic density observed at low 650 contour levels above the TM helix cluster shown as a solid light-brown surface. 651 Contoured at 0.9σ. 652   653 
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 654 
Figure 6| BcsA associates with cytosolic soluble subunits and model of pEtN 655 
cellulose biosynthesis. (a) Overall map of the Bcs complex viewed from the 656 cytosol, contoured at 2.8σ. Density representing BcsA is shown as a blue semi-657 transparent surface and BcsA is shown as a cartoon colored blue. Additional 658 volumes assigned to BcsE and the BcsQ complex are colored magenta and orange, 659 respectively.  (b) Model of pEtN cellulose synthesis and secretion. One BcsA enzyme 660 synthesizes and secretes a cellulose polymer that is pEtN-modified by BcsG in the 661 periplasm. A single BcsC subunit in the OM likely facilitates transport across the 662 periplasm and the outer membrane (OM). BcsF facilitates interactions with BcsE. 663 BcsA and BcsE bind cyclic-di-GMP (red star). PE: Phosphatidylethanolamine, DAG: 664 Diacylglycerol. 665 666 
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Methods 667 
Plasmid Design 668 To co-express the Ec Bcs complex including AdrA, three plasmids were developed. 669 First, pETDuetEcBcs_A-12His_nSS-Strep-B_AdrA-6His was created by inserting BcsA 670 in to MCS1 including a C-terminal dodeca histidine tag. BcsB, including the native 671 secretion signal (nSS) peptide, was inserted into MCS2. A STREP II tag was inserted 672 into BcsB between the nSS and the beginning of the mature polypeptide coding 673 sequence using primer extension.  674 To express a third gene in pETDuet, EcAdrA was inserted between the BcsB stop 675 codon and the T7 terminator region using PIPE cloning. AdrA was amplified from Ec 676 K12 genomic DNA and inserted into pACYCDuet adding a C-terminal hexa-histidine 677 tag. Using PIPE primers, the construct was amplified from pACYC_Ec_AdrA-6His 678 beginning ~200 bp upstream of the start codon to include a spacer, T7 promoter, 679 LacO and RBS site, while the C-terminus retained the hexa-histadine tag. 680 pCDF_EcBcs_R_Q_HA-E was produced by first using PIPE to amplify the 681 coding sequence for both bcsR and bcsQ genes from Ec Ar3110 genomic DNA. This is 682 a variant of W3110 that has had the premature stop codon in BcsQ repaired to the 683 native coding sequence. The cassette was inserted into MCS, followed by PIPE to 684 insert N-terminally HA-tagged BcsE into MCS2. 685 The final plasmid pACYCDuet_EcBcs_PelB-8His-C_Z_F_G-FLAG was 686 constructed with genes from either plasmid or genomic DNA, and all plasmid 687 sequences were originally derived from Ec K12 genomic DNA. Using PIPE, 688 pACYCDuet_EcBcs_PelB-8His-C_PelB-Z-6His was created by amplifying PelB-8His-689 BcsC from pET20_EcBcs_PelB-8His-C and inserting into MCS1 and PelB-BcsZ-6His 690 was amplified from pET20_EcBcs_PelB-Z-6His and inserted into MCS2. A second 691 pACYCDuet construct, pACYC_EcBcs_F_G-FLAG was created by amplifying BcsG 692 including a C-terminal FLAG tag and inserting it into MCS2. BcsF was then amplified 693 from genomic DNA and inserted into MCS1. Finally, pACYCDuet_EcBcs_PelB-8His-694 C_Z_F_G-FLAG was assembled by amplifying BcsF_G-FLAG including ~200 bp 695 upstream of BcsF to include the T7/Lac regulatory components and inserted into 696 pACYCDuet_EcBcs_PelB-8His-C_PelB-Z-6His between the BcsZ C-terminus and T7 697 
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terminator regions using PIPE. The PIPE primers restored the BcsZ native C-698 terminus by adding a stop codon and omitting the hexa-His coding region. 699 To express cytoplasmic components of the Bcs system several constructs 700 were produced. A BcsE fusion to maltose binding protein was created using pVP68K 701 (Center for Eukaryotic Structural Genomics) that contains a N-terminal octahis tag-702 MBP lacking the periplasmic signal sequence. BcsE was amplified from the 703 pCDF_EcBcs_R_Q_HA-E plasmid without the HA-tag, while adding a TEV protease 704 cleavage site between the MBP linker and BcsE. BcsQ was inserted into pACYCDuet 705 MCS2 from K12 genomic DNA, the forward primer included a point mutation (stop 706 to L) to repair the premature stop codon that inactivates cellulose production in K12 707 strains. An N-terminal octahis tag followed by a TEV cleavage site was then added 708 using primer extension. pCDF_EcBcs_R_Q was produced during the first step to 709 make pCDF_EcBcs_R_Q_HA-E as described above. 710 
 711 
Protein Expression  712 To express the Ec Bcs complex, Ec Bl21 C43 cells were co-transformed by 713 electroporation with pETDuetEcBcs_A-12His_nSS-Strep-B_Adra-6His, 714 pACYCDuet_EcBcs_PelB-8His-C_Z_F_G-FLAG, and pCDF_EcBcs_R_Q_HA-E, and plated 715 on LB-ampicillin/chloramphenical/streptomycin plates at 37°C overnight. The next 716 day, colonies were selected for 5 mL LB with antibiotics starter cultures, and placed 717 in a 37°C shaker incubator for 6 hrs. The starter cultures produced clumping cells 718 likely due to leaky protein expression. One mL of starter culture was added to four 719 2.8 L plastic baffled flasks containing 1000 mL of TB-M-80155 using the following 720 recipe: TB (24 g/L yeast extract, 12 g/L tryptone), 50 mL 20xM (1 M NH4Cl, 0.5 M 721 Na2H(PO4), 0.5 M KH2(PO4), 0.1 M Na2(SO4)) per liter, autoclaved and supplemented 722 with 25 mL of sterile filtered 40x80155 autoinduction solution (32% (w/v)  723 glycerol, 0.6% (w/v) glucose, 2% (w/v) lactose) per liter of media along with 1 mL 724 of each 1000X antibiotic (Amp 200 mg/mL, Cam 34 mg/mL, Strep 100 mg/mL). 725 Cells were grown overnight at 30°C with shaking at 220 rpm. After about 12 hrs, the 726 temperature was dropped to 25°C and 400 µL of 1 M IPTG was added. Growth was 727 continued for 4 – 5 hours. Cells were collected by centrifugation at 5000 rpm for 20 728 
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minutes. The collected cells (~75 g) were resuspended and homogenized using a 729 glass dounce to a final volume of 250 mL in the Buffer A as follows: 50 mM HEPES 730 8.0, 300 mM NaCl, 5% glycerol, 0.5 M cellobiose, 5 mM MgCl2, and 45 mM imidazole. 731 Cells were incubated for a minimum of 30 minutes with 1 mg/mL lysozyme and A. 732 
niger cellulase (Millipore-Sigma C1184), as well as 2.5 mL of 100 mM PMSF to aid in 733 cell lysis and prevent proteolysis. Cells were disrupted using a gas powered 734 microfluidizer at 25,000 psi by four passes. The lysate was spun at 12,500 rpm for 735 20 minutes to remove non-lysed cells. The supernatant was collected and 736 membranes were isolated by centrifugation at 42,000 rpm (138,000 g) for 2 hours 737 and 4°C. Collected membranes were flash frozen in liquid N2 and stored at -80°C 738 until used. 739 To express BcsHisQ with BcsRQ or to express MBP-BcsE, growth was carried 740 out in TB-M-80155 with appropriate plasmids and antibiotics as described above 741 with the following differences. Precultures were grown to OD ~3 to 5 and 2.5 mL of 742 preculture was added to four 2.8 L flasks containing 1 L of media. The cells were 743 grown for 25 hours at 25°C, at which time the cells were centrifuged at 5000 rpm 744 for 20 minutes and stored at -80°C until use. 745 

 746 Inner Membrane Vesicle Preparation 747 IMVs of the inner membrane BCS proteins focusing on BcsA were produced in a 748 series of additive expressions caried out in 1 L cultures as follows; BcsA, BcsAG, 749 BcsAB, BcsABF, BcsABG, and BcsABFG all additionally co-expressing AdrA. Cells 750 were lysed in a C3 microfluidizer as described using Buffer B lacking detergents. The 751 lysate was spun at 12,500 rpm for 20 minutes, then 25 mL was carefully added to a 752 2 M sucrose cushion made with the same buffer, and centrifuged for 2 h at 42,000 753 rpm (138,000 g). The dark ring at the cushion interface was carefully collected (~8 754 mL) and diluted to 65 mL with Buffer B, and further centrifuged for 90 min at 755 42,000 rpm. The pellet was gently rinsed with Buffer B followed by addition of 1 mL 756 of buffer. The pellet was gently homogenized using a No. 6 round paintbrush 757 followed by a 2 mL glass dounce. The IMVs were aliquoted into microfuge tubes and 758 flash frozen in liquid N2 until needed. To normalize the concentration of BcsA to 759 
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later be used in activity assays, western blotting against the his-tag was performed. 760 In order to remove the large amount of contaminating lipids and other proteins, 761 prior to western blotting the IMVs were solubilized with 2% SDS, centrifuged for 20 762 minutes at 65,000 rpm in a bench top ultracentrifuge, incubated with 25 uL of 763 nickel-NTA beads for 30 minutes, centrifuged at 700 g for 2 minutes, washed and 764 centrifuged twice with buffer B containing 2% SDS. The beads were suspended in 40 765 uL of Buffer B containing 10 mM EDTA, 250 mM imidazole and 2% SDS followed by 766 addition of 20 uL of 4X loading dye. 15 uL were loaded into each well, and represent 767 the ratio of IMVs used in activity assays. 768 
 769 
Protein Purification 770 Membranes were solubilized in Buffer A (12 mL/mL membrane suspension) 771 containing Detergents A (0.5% LMNG, 0.01% DMNG, 0.01% CHS), 2 EDTA-free 772 protease inhibitor tablets (Roche), and 125 µL 100mM PMSF using a glass 773 homogenizer. After gentle rocking for 90 minutes at 4°C, non-solubilized material 774 was removed by centrifugation at 138,000 g for 30 min. During this time ~5 mL of 775 Ni-NTA resin (Pierce-Fisher) were equilibrated with Buffer A for batch binding. 776 Equilibrated beads were added to the membrane extract and incubated at 4°C for 1 777 hour with gentle rocking. Resin was collected in a gravity flow column and washed 778 with ~30 column volumes of Buffer A with 55 mM imidazole and Detergents B 779 (0.01% LMNG, 0.002% DMNG, 0.002% CHS). The Bcs complex was eluted with 780 Buffer A containing 400 mM imidazole and Detergents B. The eluent was 781 immediately diluted in Buffer B (50 mM HEPES 8.0, 300 mM NaCl, 5% glycerol, 0.5 782 mM cellobiose, 5 mM MgCl2, and Detergents B) to ~40% in the final volume to dilute 783 the imidazole. During the Ni-NTA step 4 mL of streptactin resin (IBA) was washed 784 and equilibrated with Buffer B at room temperature. Diluted eluent was passed over 785 the streptactin resin twice at room temperature, washed with 5 column volumes of 786 Buffer B, and eluted with Buffer B containing 2.5 mM desthiobiotin into a 100 kDa 787 spin concentrator on ice. The streptactin eluent (~10 mL) was concentrated to 788 ~600 µL and loaded onto a 10/30 superose 6 increase gel filtration column 789 equilibrated with Buffer C (50 mM HEPES 8.0, 150 mM NaCl, 5 mM MgCl2, 0.5 mM 790 
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cellobiose) with Detergents C (0.003% LMNG, 0.0006% DMNG, 0.0006% CHS). The 791 Bcs complex eluted in a sharp peak at ~13 mL elution volume. Sample quality was 792 assessed based on peak shape, SDS-PAGE, and negative stain imagining on a FEI F20 793 electron microscope. 794 Purification of the Bcs complex with MBP-BcsE was carried out by expressing 795 all components with the exception of BcsE using pCDF_EcBcs_R_Q in place of 796 pCDF_EcBcs_R_Q_HA-E. Before cell lysis a cell pellet from a 1 L growth of the MBP-797 BcsE fusion was mixed in, and all subsequent steps were as described for the full 798 complex. 799 To purify BcsRQ cells were lysed as described above in 50 mM HEPES 8.0, 800 300 mM NaCl, 30 mM imidazole, 5% glycerol, and 0.3 mM TCEP. the lysate was spun 801 at 138,000 g for 30 minutes. The lysate was applied to two 5 mL his-trap columns in 802 tandem and washed with 15 column volumes of lysis buffer. A gradient to 350 mM 803 imidazole in lysis buffer was performed and the major peak collected and 804 concentrated using a 30 MWCO Amicon spin concentrator then applied to a 805 superdex S200 size exclusion column equilibrated with 50 mM HEPES pH 8.0, 150 806 mM NaCl and 0.3 mM TCEP. Protein was concentrated to 100 μM based on 807 absorbance at 280 with and extinction coefficient of 110 mM-1 for a 2:2 808 stoichiometry and molecular weight of 77 kDa.  809 To purify MBP-BcsE steps were as described for BcsRQ with the following 810 addition. After histrap column elution the protein was applied to a XK 16 adjustable 811 column with amylose resin (NEB) attached to a GE Purifier equilibrated in lysis 812 buffer lacking imidazole. After washing to baseline the protein was eluted by 813 addition of 10 mM maltose to the buffer. The protein was concentrated using a 100 814 MWCO Amicon spin concentrator prior to gel filtration. The final product was 815 concentrated to 100 μM based on an extinction coefficient of 166 mM-1 and 816 molecular weight of 103 kDa. 817 To purify the BcsRQ-MBP-BcsE complex, purified two-fold molar excess of 818 MBP-BcsE was combined with BcsRQ and applied to an S200 size exclusion column. 819 The protein was concentrated using a 100 MWCO Amicon spin concentrator prior to 820 
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gel filtration. The final product was concentrated to 100 μM based on an extinction 821 coefficient of 414 mM-1 and molecular weight of 275 kDa assuming a 2:2:2 complex 822 stoichiometry. 823  824 
Western Blotting 825 Blotting procedures were performed after transferring SDS-PAGE gels to 826 nitrocellulose membranes and incubated with specific primary antibodies for the 827 following epitopes: pentahis (BcsA), STREPII (BcsB), FLAG (BcsG), HA (BcsE), MYC 828 (BcsF), and maltose binding protein (MBP-BcsE). Nitrocellulose membranes were 829 blocked with 5% BSA for 30 minutes briefly rinsed with tris buffered saline with 830 tween (TBST), and incubated with primary antibody in 5% BSA at 4°C overnight. 831 The following morning the membranes were washed three times by incubating with 832 fresh TBST for at least five minutes. Membranes were then incubated with anti-833 mouse IgG with Dylight 800 fluorescent marker (Rockland) for 1 hour at ambient 834 temperature followed by three washes. Blots were examined using an Odyssey Licor 835 scanner at wavelengths 700 nm and 800 nm,  836 
 837 
Mass Spectrometry 838 
 839 Purified Bcs from the high molecular weight front of the gel filtration elution peak 840 was loaded into precast 4 – 20% TGX polyacrylyamide gel (Bio-Rad), and ran at 100 841 V until all the sample had migrated into the gel (~10 minutes). The top ~1.0 cm of 842 the gel lane was excised and submitted to the Biomolecular Analysis Facility at the 843 University of Virginia. The gel piece was digested with 20 ng/µL trypsin in 50 mM 844 ammonium bicarbonate on ice for 30 min.  Any excess enzyme solution was 845 removed and 20 µL 50 mM ammonium bicarbonate added.  The sample was 846 digested overnight at 37oC and the peptides extracted from the polyacrylamide in a 847 100 µL aliquot of 50% acetonitrile/5% formic acid.  This extract was evaporated to 848 10 µL for MS analysis. The LC-MS system consisted of a Thermo Electron Q Exactive 849 HF mass spectrometer system with an Easy Spray ion source connected to a Thermo 850 75 µm x 15 cm C18 Easy Spray column (through pre-column). The nanospray ion 851 
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source was operated at 1.9 kV.  The digest was analyzed using the rapid switching 852 capability of the instrument acquiring a full scan mass spectrum to determine 853 peptide molecular weights followed by product ion spectra (Top10 - 10 HCD) to 854 determine amino acid sequence in sequential scans.  This mode of analysis produces 855 approximately 25000 MS/MS spectra of ions ranging in abundance over several 856 orders of magnitude. The data were analyzed by database searching using the 857 Sequest search algorithm against Uniprot Ec and specifically Ec Bcs proteins. 858 
 859 
Cryo-EM 860 
Grid preparation 861 The Ec Bcs complex samples were collected as they eluted from the gel filtration 862 column and centrifuged at 100,000 g for 10 minutes. For cryo grid preparation, 863 several optimization experiments were performed using a Vitribot Mark IV plunge 864 freezing robot. The best freezing conditions resulted from 300 mesh C-Flat 1.2/1.3 865 grids glow discharged with amylamine. The optimal concentration of Bcs ranged 866 from 0.25 to 0.45 mg/mL based on absorbance at 280 nm using a general extinction 867 coefficient of 1 au per mg of protein. 3.5 µL of sample was applied to the grid and 868 incubated for 30 s at 100% humidity. For data collected with activator cd-GMP, 869 protein was incubated with 10 μM cd-GMP for 15 minutes prior to grid application. 870 Grids were blotted for 12 – 14 s with a blot force of 6 and plunged into liquid ethane. 871 
 872 
Collection  873 Data was collected on a 300 keV FEI Titan Krios (Thermo Fisher Scientific) equipped 874 with a Gatan K3 camera and Gatan Quantum energy filter using Latitude S. Movies 875 were collected at 81,000X at 40 frames/movie in counting mode with a total dose of 876 51 e-/Å2 and pixel size 1.08 Å2. A total of six grids were used to allow for image 877 collection in optimal ice, under the same blotting and data collection conditions 878 resulting in a combined 13,883 movies. Data collected for Ec Bcs incubated with cd-879 GMP from a single grid with minor differences. Thermo Fisher EPU software was 880 used in place of Latitude S, and the total dose of 50 e-/Å2, and a total of 3306 movies 881 



 35

collected. Data collection of Ec Bcs with MBP-BcsE was also collected from a single 882 grid using EPU with a total dose of 51 e-/Å2, and a total of 841 movies collected. 883  884 
Data processing 885 All data was processed using cryoSPARC.38 The movies were imported into 886 cryoSPARC and gain reference corrected as individual sets for each grid. Motion 887 correction was performed using Patch Motion correction excluding the first two 888 frames. CTF parameters were estimated with Patch CTF, and manual curation was 889 used to remove low quality movies. The movies were combined from each grid to 890 give a final 11,007 movies after curation based on CTF estimated parameters. 891 ~1000 particles with a box size of 400 pixels (432 Å) were manually selected and 892 2D classified to produce templates from one grid (755 movies), which were then 893 used to pick a larger particle set from the combined movies.  After several rounds of 894 2D classification high quality classes were used to re-pick 2,675,278 particles and 895 2D classified to a final set of 863,273 particles. These particles were used to 896 generate two ab initio 3D volumes. The best model was further refined into six 897 classes using heterogenous refinement in cryoSPARC. 3D classification showed high 898 heterogeneity. Particles from the best two 3D volumes were combined and put 899 through a second round of heterogenous refinement into four classes, and further 900 processed as described below. A new particle set was generated using the Topaz 901 Wrapper in cryoSPARC.39 A training model was performed using particles from one 902 3D class showing the best density of all subunits (~10,000 particles) against 1,384 903 movies from one grid collection. The model was applied to each individual grid’s 904 movie set separately to process smaller data sets. The particles were extracted using 905 a box size of 336 pixels (362 Å), down-sampled to 4.32 Å, 2D class averaged and 906 recombined. The particles from the final class averages were re-extracted without 907 down-sampling, put through another round of 2D classification giving 735,904 908 particles, and processed as described below. 909 In an attempt to improve complex stability a data set with the addition of 10 910 µM cd-GMP was collected. Movies were motion corrected and CTF parameters were 911 estimated as described for the previous data. Particles were picked using the TOPAZ 912 



 36

wrapper after training a model against a random subset of 500 micrographs using 913 particles generated from one round of manual picking and template picker. 409,611 914 particles were extracted from the curated 2964 micrographs using a box size of 360 915 pixel down-sampled to 90 pix (4.32 Å). After 2D classification, 282,918 particles 916 were re-extracted without down-sampling, put through a round of 2D classification 917 giving 253,491 particles. Further processing is described below.  918 804 movies collected from Ec Bcs with MBP tagged BcsE was motion corrected and 919 CTF estimated as described above. The TOPAZ model used in particle picking for Ec 920 Bcs with cdGMP was applied to the curated data set resulting in 163,853 particles, 921 and further processing is described below. 922 
 923 
BcsB hexamer refinement 924 A single 3D class with six copies of a periplasmic subunit was selected for local 925 refinement. The signal of the membrane and cytosolic domains was removed as 926 follows. Subtraction and local refinement masks were generated in Chimera37 using 927 a refined full volume mask after Homogenous Refinement of the selected 3D class. 928 The micelle and cytosolic domains were removed with volume eraser and the map 929 was subtracted from the full mask to generate an inverse mask to be subtracted. 930 Both masks were imported into cryoSPARC. Particle subtraction was performed on 931 190,876 particles using the micelle/cytosolic mask and the refined full volume. The 932 subtracted particles were 2D classified to remove poorly subtracted, or junk 933 particles giving a final 138,286 particles. Using the generated periplasmic mask, 934 local refinement produced maps of sufficient quality to allow de novo building of 935 BcsB with a resolution range of ~3.4 – 4.9 Å. 936 Refinement of BcsB region from incubating with cd-GMP was carried out 937 beginning with 3D heterogenous refinement generating three models by inputting 938 Class I from a second round of 3D heterogenous refinement with where particles 939 from the intial round’s Class I and IV were combined. The best class contained 940 115,289 particles, and was further refined using homogenous followed by NU-941 refinement. Masks were generated as described above and the signal from the 942 membrane and cytoplasmic domains was subtracted. Local refinement of remaining 943 
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BcsB volume was performed and resulted in a map with a resolution range of 3.2 to 944 5 Å. 945  946 
BcsAB refinement 947 Performing particle subtraction and local refinement using the opposite masks 948 generated in BcsB’s refinement led to a modest improvement of BcsA’s membrane 949 and cytosolic domains. To further resolve BcsA density, a mask was generated for 950 local refinement to cover two copies of BcsB and BcsA using Chimera and following 951 the same methods as above. The resulting map revealed eight transmembrane 952 helices of the core BcsA that aligned well with the known structure of Rs BcsA (PDB: 953 4P00) as well as additional helices identified as Ec BcsA’s N-terminal and C-terminal 954 helices.  955 
 956 
Full Bcs complex refinement 957 Using particles generated through the Topaz wrapper, particles were classified 958 through three rounds of heterogenous refinement starting with the original 3D 959 volume used to generate the particle set. The final round of refinement gave four 960 volumes containing a complete BcsB hexamer with only minor differences in the 961 cytosolic domains. The volume with the best cytosolic densities was further refined 962 through rounds of homogenous and NU-refinement giving a final volume consisting 963 of 58,576 particles with a resolution range of 3.5 – 9  Å. 964 
 965 
BcsAG refinement 966 Using the above full Ec Bcs volume, masks were generated in Chimera to remove the 967 BcsB and BcsE signals using the refined mask as a template. The BcsBQ mask was 968 used to subtract the corresponding signal from the 58,576 particles and the above 969 3D volume was locally refined with a mask covering the micelle, BcsA, and BcsQ 970 regions. 971 
 972 
Bcs with MBP-BcsE 973 
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2D classification resulted in 63, 657 particles that were put through a round of 3D 974 heterogenous refinement using the Class 1 as described for BcsB refined from cd-975 GMP incubated complex. One class with 29,297 particles contained six well defined 976 BcsB subunits with large cytoplasmic densities, and was further refined using NU-977 refinement.  978  979 
Model building and refinement 980 Using locally refined maps of the BcsB hexamer, a single BcsB subunit (chain F) was 981 build de-novo in Coot40 using secondary structure predictions, similarities with 982 RsBcsB (PDB: 4P00), and side chain densities as guides. The excellent map quality 983 allowed building of the entire subunit. This subunit was then docked as a rigid body 984 into the positions of the other five subunits, followed by manual adjustments and 985 refinements in Coot. The BcsB hexamer was refined in Phenix.refine41 including 986 secondary structure and non-crystallographic symmetry restraints. The final model 987 misses BcsB’s transmembrane anchor (residues 731 to 778) for all subunits, chain A 988 lacks residues 632 – 659, and chains A-E miss residues 446 – 466 due to flexibility 989 and disorder. The final model has 94.3, 5.7, and 0% of residues in the preferred, 990 allowed and disallowed regions of the Ramachandran diagram and has a MolProbity 991 score of 2.0.   992 Due to significant heterogeneity, BcsA was modeled as a poly-alanine model only. 993 The initial backbone model of Ec BcsA was generated using the Rs BcsA structure 994 (PDB entry 4P00) as a template. Secondary structure and transmembrane topology 995 predictions combined with sequence alignments were used to inform the extension 996 or truncation of the Rs BcsA model in accordance with the Ec BcsA sequence. The 997 model was placed into the BcsA density as a rigid body and manually adjusted by 998 rigid body fitting of individual transmembrane helices. Resolved bulky side chains 999 and the helical pitch guided placements. The initial rigid body docking of the entire 1000 BcsA poly-Ala model also placed the cytosolic GT and PilZ domains into their 1001 corresponding volumes. These domains were not individually adjusted due to 1002 insufficient resolution.  1003 
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The final model contains residues 18 through 871 as a poly-Ala chain, missing 1004 residues include 46-112 that form the connection between TM helix 1 and 2. Only 1005 side chains of residues within TM helices used as register guides are included. The 1006 assignment of TM helix 1 is speculative due to the missing linker between TM helix 1 1007 and 2. However, the assignment is based on predicted secondary structure of Ec 1008 BcsA’s N-terminal region, TM topology predictions, and the recently demonstrated 1009 interaction of this region with BcsG.22  1010 The final Ec BcsA model was combined with chain A of the refined BcsB hexamer 1011 (including side chains), which was also docked as a rigid body into the 1012 corresponding density. The model was refined in Phenix.refine with BcsA and BcsB 1013 as rigid bodies.  1014 All model building was done in Coot. Figures were prepared using Pymol and 1015 Chimera.36,37 1016   1017 
Cellulose enzyme assays 1018 Purified Bcs was assayed for cellulose production as previously described.24 Briefly, 1019 Buffer C with Detergent C was mixed with 5 mM UDP-Glc supplemented with 1.25 1020 µCi of UDP-Glc[6-3H] to create a reaction master mix. 20 µL reactions were 1021 performed by adding 5 µL of purified Bcs (0.5 mg/mL) to 12 µL of master-mix. 3 µL 1022 of a 200 µM stock solution of cyclic di-GMP (30 µM final), was added to initiate the 1023 reaction, and incubated at 30°C for 1 hour. Controls were performed replacing cd-1024 GMP with ddH2O, or addition of 1 mg/mL cellulase BcsZ. The reactions were 1025 terminated with 5 µL of 10% SDS and 25 µL were applied to Whatman 2MM blotting 1026 paper. Non-cellulosic material was removed by paper chromatography using 60% 1027 ethanol, and the origins were counted on a Beckman S Ls liquid scintillation counter. 1028 Each condition was performed in triplicate and error bars represent the deviations 1029 from the means.  1030 Activity assays for Ec BcsA in IMVs were performed as described for 30 1031 minutes in reaction master mix lacking detergents. To ensure the incubation time 1032 was in the linear phase, a time course with IMVs expressing the full complex was 1033 performed. To confirm the signal produced from the reaction was cellulose a 1034 
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specific 1,4 betaglucanase, CelTR (Megazyme), was added to 1 mg/mL prior to 1035 initiation with cd-GMP. One set of reactions was stopped at 30 minutes by addition 1036 of 10 mM EDTA, followed by addition of 2% triton X-100 and 1 M sodium acetate pH 1037 4.5 (final concentration 200 mM) to solubilize the IMVs and lower the pH to the 1038 cellulase’s optimum range. These samples were incubated for 45 min at 40°C to 1039 allow the cellulase access to reaction product protected by stable vesicles and the 1040 total reaction was loaded on to the blotting paper. All activity assays were 1041 performed in triplicate, excluding the time course where duplicates were 1042 performed. 1043  1044 
Purified BcsABFG activity assays 1045 To assess whether cytoplasmic Ec Bcs proteins had an effect on BcsA activity 1046 pETDuetEcBcs_A-12His_nSS-Strep-B_Adra-6His, pACYCDuet_EcBcs_PelB-8His-1047 C_Z_F_G-FLAG, while omitting pCDF_EcBcs_R_Q_HA-E, was expressed and purified as 1048 described for the full inner-membrane complex. The resulting detergent solubilized 1049 BcsABFG was assayed as described above with the following alteration. Protein 1050 concentration was estimated to be 670 nM based on an extinction coefficient of 906 1051 mM-1 and molecular weight of 740 kDa for hexamer BcsB complexes. Cytoplasmic 1052 proteins BcsRQ, MBP-BcsE, and BcsRQ-MBP-BcsE were added in 10-fold molar 1053 excess. Controls for all individual cytoplasmic proteins without BcsABFG were also 1054 performed at 6.7 µM each. All assays were performed in triplicate.  1055  1056 
Purified BcsABFG activity assays 1057 To assess whether cytoplasmic Bcs proteins affect BcsA activity we co-expressed the 1058 following constructs in the absence of BcsQ, -R and -E: pETDuetEcBcs_A-12His_nSS-1059 Strep-B_Adra-6His and pACYCDuet_EcBcs_PelB-8His-C_Z_F_G-FLAG. The BcsABFG 1060 complex was purified as described for the full IMC. The resulting detergent 1061 solubilized BcsABFG was assayed as described above with the following alterations. 1062 The assay buffer contained 0.003% LMNG, 0.0006% DMNG, and 0.0006% CHS and 1063 protein concentration was estimated to be 670 nM based on an extinction 1064 coefficient of 906 mM-1 and molecular weight of 742 for hexamer BcsB complexes. 1065 
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Cytoplasmic proteins BcsQR, MBP-BcsE, and BcsQR-MBP-BcsE were added in 10-1066 fold molar excess. 1067  1068 
Enzyme Coupled Assay 1069 The formation of UDP during cellulose synthesis was quantified using an enzyme 1070 coupled assay, as previously described.24 100 µL reactions were performed in a 1071 corning 96 well clear flat bottom plate with the following conditions. A master-mix 1072 containing 0.1 mg/mL Bcs in Buffer C with Detergent C, 8 U of pyruvate kinase and 8 1073 U of lactate dehydrogenase, 0.5 mM NADH and increasing concentrations of UDP-Glc 1074 from 0 to 5 mM. NADH absorbance at 340 nm was monitored for 2 hours at 30°C 1075 using a Molecular Devices SpectraMax.  1076 To determine the Km of cd-GMP binding, UDP-Glc was kept constant at 5 mM and 1077 cd-GMP was titrated from 0 – 30 µM. Analysis was performed on the linear portion 1078 of the data, usually representing the 20 minutes after initiation of the reaction using 1079 GraphPad. All assays were performed in triplicate and error bars represent the 1080 deviations from the means. 1081  1082 
Purification of in vivo synthesized cellulose  1083 pEtN cellulose was extracted from transformed Ec C43 according to published 1084 procedures with slight variations.3 Four 1 L cell cultures were grown in TB-M-1085 80155 autoinduction media as described above. The cultures were grown with slow 1086 shaking for 24 hours at 28oC, and the cells were pelleted by centrifugation at 5,000 g 1087 for 15 minutes. Cells were resuspended in 10 mM Tris pH 7.4 and sheared with five 1088 rounds of the OmniMixer homogenizer (1 min on, 2 min rest) on ice. Cells were 1089 pelleted and removed by three rounds of centrifugation 10,000 g for 10 minutes. 1090 The supernatant was dialyzed against ddH20 for 24 hours. The resulting solution 1091 was frozen, thawed, and centrifuged at 13,000 g pelleting the insoluble material. The 1092 pellet was treated with 4% SDS in Tris buffer overnight with subsequent Tris buffer 1093 washes and centrifugation steps to remove SDS. A final wash was performed in 1094 ddH20. The resulting pEtN cellulose was lyophilized and analyzed using solid state 1095 NMR. 1096 
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 1097 
Solid-state NMR analysis 1098 The 13C cross-polarization magic-angle spinning (CPMAS) solid-state NMR 1099 measurement was performed at ambient temperature in an 89 mm bore 11.7 T 1100 magnet (Agilent Technologies, Danbury, CT) using an HCN Agilent probe with a DD2 1101 console (Agilent Technologies) operating at 499.12 MHz for 1H and 125.52 MHz for 1102 13C. Samples were spun at 7143 Hz in 36 µL capacity 3.2 mm rotors. 1H-13C matched 1103 cross-polarization transfer was performed at 50 kHz for 1.5 ms and proton 1104 decoupling was performed at 83 kHz. 100,000 scans were obtained for the spectrum 1105 with a 2s recycle delay.  The 13C chemical shift scale is referenced to TMS as 0.0 ppm 1106 using a solid adamantine sample at 38.5 ppm.  1107  1108 
Congo-red fluorescence measurements 1109 Small cultures expressing the Bcs complex either in its entirety, with a catalytically 1110 inactive BcsG subunit, or without the outer-membrane porin BcsC were tested for 1111 Congo-red binding and fluorescence using a UV light box and Molecular Devices 1112 SpectraMax plate reader exciting at 525 nm and reading emission at 610 nm as 1113 previously described.23 1114  1115 
Methods References 1116 38 Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoSPARC: 1117 algorithms for rapid unsupervised cryo-EM structure determination. Nat 1118 
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Extended Data Figure and Table Legends 1168 
 1169 
Extended Data Table 1| Mass spectrometry peptide analysis. Identified peptides are shown in red. 1170  1171 
Extended Data Table 2| Cryo-EM data collection, refinement and validation 1172 
statistics. 1173  1174 
Extended Data Figure 1| Predicted TM topologies and secondary structures of the 1175 
E. coli cellulose synthase subunits.   1176  1177 
Extended Data Figure 2| Expression, purification and characterization of the Ec Bcs 1178 
complex. (a) Clumping cells upon expression of the recombinant Bcs genes with AdrA in 1179 
liquid cultures. Cells without BcsC remain planktonic. (b) Cultures in (a) were grown on 1180 
Congo red agar plates and photographed on a Fisher Scientific UV lightbox. (c) Overlay 1181 
of the ssNMR spectrum shown in Fig. 1 with the pEtN standard. (d) Gel filtration 1182 
purification of Ec Bcs, 256 and 280nm absorbances are shown in red and blue, 1183 
respectively. Inset: SDS-PAGE of the peak fractions. (e) Catalytic activity determined by 1184 
UDP-Glc[13H] incorporation as described.24 The synthesized polymer is sensitive to 1185 
cellulase (BcsZ) degradation. DPM: Disintegrations per minute. (f) Western blot analysis 1186 
of the purified Ec Bcs complex. Right panel: Coomassie-stained SDS-PAGE of the 1187 
purified complex. Percentages indicate peptide covered in MS-sequencing based on the 1188 
identified unique peptides (also shown). R/NR: Reducing and non-reducing conditions; * 1189 
denotes a BcsG proteolytic fragment. (g) Identification of Myc-tagged BcsF by Western 1190 
blotting in the purified complex (left Coomassie-stained SDS-PAGE; right: anti-Myc 1191 
Western blot). (h, i) Kinetic analysis of the purified detergent-solubilized samples. UDP 1192 
generation was quantified in real time using an enzyme-coupled assay that monitors the 1193 
oxidation of NADH, as described.24  1194  1195 
Extended Data Figure 3| Bcs catalytic activity and complex formation of MBP-BcsE 1196 
and BcsQR. (a) Time course of cellulose biosynthesis from IMVs containing BcsABFG.  1197 
(b) The BcsQR complex, MBP-BcsE, and the BcsQR-MBP-BcsE complex were 1198 
analyzed by S200 size exclusion chromatography. The samples elute at the volumes 1199 
indicated above the main peaks. Inset: Coomassie-stained SDS-PAGE of all samples (1: 1200 
BcsQR-MBP-BcsE, 2: MBP-BcsE, 3: BcsQR).  1201 
 1202 
Extended Data Figure 4| Outline of EM data processing and refinement of BcsB in 1203 
cryoSPARC. (a) Representative micrograph and particle, 2D, and 3D refinement 1204 
workflow representing processing route 1 of the initial combined data sets. Red boxes 1205 
indicate combined classes used to generate volumes described in Extended Data Fig. 5. 1206 
(b) Representative micrograph and particle, 2D, and 3D refinement workflow from the 1207 
cd-GMP incubated data set. (c) BcsB local refinement masks, volume, resolution data, 1208 
and orientation plot generating the map used to build the initial model. (d) BcsB local 1209 
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refinement masks, volume, and resolution data, and orientation plot generating the final 1210 
map used to build the final model. 1211 
 1212 
Extended Data Figure 5| Outline of EM data processing in cryoSPARC. (a) 1213 
Representative micrograph and particle, 2D, and 3D refinement workflow representing 1214 
further processing of route 1 of the initial combined data. (b) Workflow of Route 2 re-1215 
picking particles with TOPAZ. (c) Representative micrograph and particle, 2D, and 3D 1216 
refinement workflow from the IMC MBP-BcsE data set. (d) BcsAB local refinement 1217 
masks and volume. (e) Full volume local resolution. (f) BcsAG local refinement 1218 
subtraction masks and volume. (g) Full volume refinement of IMC MBP-BcsE volume. 1219 
Red circles indicate areas of additional densities. 1220  1221 
Extended Data Figure 6| Examples of BcsB density. (a-d) Map quality is shown for 1222 
each of the BcsB domains of Chain B including β-strands, loops, and α-helices. Density 1223 
is contoured to σ=2.0, and carve=2.0. (e) Disulfide bond between CBD-1 and CBD-2, 1224 
σ=1.5 and carve=2.0. (f) Oligomerization β-strands and loops between FD domains of 1225 
chain A and chain B, σ=1.5 and carve=2.0. Maps were converted to CCP4 format with 1226 
Phenix, and figures were created in Pymol.  1227  1228 
Extended Data Figure 7| Comparison of BcsB from R. sphaeroides and E. coli. The 1229 
OL region forms an amphipathic interface helix at the periplasmic water/lipid interface in 1230 
R. sphaeroides BcsB (PDB: 4P00). In E. coli BcsB, the OL is helical (residues 622-629) 1231 
followed by a poorly order stretch (residues 631-658) in chain A. This region forms the 1232 
interface with neighboring subunits in all other chains. Conserved cysteines covalently 1233 
linking the CBDs are shown as spheres. The BcsB TM anchor is indicated as a cylinder.  1234 
 1235 
Extended Data Figure 8| Comparison of BcsB sequences. BcsB sequences from E. 1236 
coli, K. xylinus, and R. sphaeroides were aligned in MUSCLE42 and displayed in 1237 Jalview43 colored based on sequence conservation. Secondary structure elements 1238 observed in the Ec and Rs BcsB structures are indicated as bars and arrows for 1239 helices and β-strands, respectively. The Kx BcsB secondary structure of the OL was 1240 predicted in Jpred44 (colored magenta). Residues mediating intermolecular contacts 1241 in the Ec BcsB hexamer are indicated by yellow circles.     1242 
 1243 
Extended Data Figure 9| The Ec BcsA poly-alanine model. The Ec BcsA poly-Ala 1244 
model was generated based on Rs BcsA (PDB: 4P00) and manually docked into the cryo-1245 
EM density. TM helices were adjusted individually by rigid body docking in Coot. The 1246 
GT and PilZ domains were only corrected for missing or additional residues and not 1247 
adjusted due to insufficient resolution. Side chains of residues used to guide the register 1248 
assignment are included in the model. The map is contoured at 7.5σ. 1249 
 1250 
Extended Data Figure 10| Comparison of Rs and Ec BcsA. (a) Rs BcsA (PDB: 4P00) 1251 
was superimposed with the Ec BcsA model by secondary structure matching. Regions not 1252 
present in Rs BcsA are shown in dark blue. (b) Comparison of the Rs and Ec BcsAB 1253 
complexes. BcsB is colored green.  1254 
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 1255 
Extended Data Figure 11| Putative BcsG density. Overall Bcs cryo-EM map contoured 1256 
at the indicated levels. Additional density is visible for BcsG at low contour levels. 1257 
Bottom right: The map contoured at 0.8σ was Gaussian filtered at a width of 2.6 in 1258 
Chimera. Two copies of Ec BcsG (PDB: 6PCZ) were manually docked into the putative 1259 
BcsG density and colored blue to red from the N- to the C-terminus. Helices representing 1260 
the helical cluster next to BcsA are shown as cartoons in black and magenta. The first and 1261 
last BcsB subunits are shown as spheres in green and steel-blue, respectively. 1262  1263 
Extended Data Figure 12| The cytosolic Bcs components. (a) 2D class averages of Bcs 1264 
particles lacking BcsE and BcsQ/R and (b) corresponding 3D volume (blue surface) 1265 
superimposed with the BcsE/QR-containing macrocomplex (mesh) revealing only 1266 
cytosolic density corresponding to BcsA. (c) Localization of MBP-fused BcsE in the Bcs 1267 
complex. Volumes are contoured at 0.7σ and Gaussian filtered at a width of 5.2 in 1268 
Chimera. Densities assigned to BcsQR and BcsE are colored orange and magenta, 1269 
respectively, for the MBP-BcsE containing complex. (d) Available structures of Bcs 1270 
components manually docked into their corresponding densities. (e) Domain organization 1271 
of BcsE with corresponding functions. Adapted from reference (18). (f) SDS-PAGE and 1272 
Western blot analyses of the MBP-BcsE containing Bcs complex. The gels were run 1273 
under reducing conditions in which BcsB co-migrates with BcsA. (1: Bcs complex, 2: 1274 
MBP-BcsE control; a, b c: MBP-BcsE, reduced BcsA/BcsB, BcsG, respectively). (*) 1275 
indicates non-specific antibody binding to the strong BcsA/B band.    1276 


